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Abstract: Pinus patula and Pinus tecunumanii play an important role in the forestry sector 
in the tropics and subtropics and, in recent decades, members of the International Tree 
Breeding and Conservation Program (Camcore) at North Carolina State University have 
established large, multi-site provenance trials for these pine species. The data collected in 
these trials provide valuable information about species and provenance choice for plantation 
establishment in many regions with different climates. Since climate is changing rapidly, it 
may become increasingly difficult to choose the right species and provenance to plant. In this 
study, growth performance of plantings in Colombia, Brazil and South Africa was correlated 
to the degree of climatic dissimilarity between planting sites. Results are used to assess the 
suitability of seed material under a changing climate for four P. patula provenances and six 
P. tecunumanii provenances. For each provenance, climate dissimilarities based on 
standardized Euclidean distances were calculated and statistically related to growth 
performances. We evaluated the two methods of quantifying climate dissimilarity with 
extensive field data based on the goodness of fit and statistical significance of the climate 
distance relation to differences in height growth. The best method was then used as a 
predictor of a provenance change in height growth. The provenance-specific models were 
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used to predict provenance performance under different climate change scenarios. The 
developed provenance-specific models were able to significantly relate climate similarity to 
different growth performances for five out of six P. tecunumanii provenances. For P. patula 
provenances, we did not find any correlation. Results point towards the importance of the 
identification of sites with stable climates where high yields are achievable. In such sites, 
fast-growing P. tecunumanii provenances with a high but narrow growth optimum can be 
planted. At sites with climate change of uncertain direction and magnitude, the choice of  
P. patula provenances, with greater tolerance towards different temperature and 
precipitation regimes, is recommended. Our results indicate that the analysis of provenance 
trial data with climate similarity models helps us to (1) maintain plantation productivity in a 
rapidly changing environment; and (2) improve our understanding of tree species’ 
adaptation to a changing climate. 
Keywords: provenance trials; site quality modelling; management decision support tools; 
climate similarity; growth prediction 
 
1. Introduction 
1.1. Background 
Climate change, and the associated shifts and changes in temperature and precipitation patterns, are 
likely to affect substantial areas of forest plantation production in the tropics and subtropics. Progressive 
climate change may make the choice of which species and provenance to plant increasingly difficult. 
Statistical models, as well as process- and ecophysiologically-based models, suggest a substantial loss of 
production in plantation forestry, unless appropriate action is taken. It is common practice to choose seed 
material which is climatically suited to the planting site. However, if climate change proceeds as 
predicted [1], seed material that is well matched under the current climate will grow in sub-optimal 
conditions within the production cycles of the upcoming decades [2]. Forest plantations will need to take 
anticipated climate conditions into account in order to maintain productivity in future harvest cycles. 
Therefore, seed material, adapted to the novel climate conditions, needs to be immediately identified and 
selected [3,4]. Sustaining production by identifying the right seed sources for specific sites needs to 
happen in a time where planted forests become increasingly important to meeting global wood demand 
and potentially relieving pressure on natural forests in the face of growing demand and dwindling  
supplies [5–7]. Furthermore, the potential of planted forests to sequester substantial amounts of carbon 
constitutes an important cornerstone in global climate change mitigation strategies (e.g., [8,9]). 
International multi-site provenance trials that measure growth performances of different seed sources 
in a range of different climates, provide a wealth of information on the adaptive capacity of species 
provenances that may facilitate selection of seed material for changing climate conditions. Camcore, 
North Carolina State University (International Tree Breeding and Conservation Program) collected 
seeds from 40 tropical and subtropical tree species in natural stands. In the last three decades, these seed 
collections were used to establish more than 1000 ha of field trials [10]. Data from these trials, coupled 
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with high resolution climate data, provides useful information to predict how the growth of 
economically important plantation tree species is affected by progressive climate change. 
1.2. The Analogue Method 
Climate analogs are a promising approach to assess differences in provenance performance and their 
relation to climatic factors. A spatial climate analog in our context, where we want to know which 
provenance to plant in future climates, draws insights from a location where knowledge on the 
interaction of climate and tree growth exists and relates these insights to locations in other areas with a 
similar climate. A temporal climate analog analyses knowledge on past interactions between climate and 
growth performance to develop an understanding of the present day and make inferences about the 
future [11,12]. The analog method can help to identify spatial and temporal analog sites to provide 
insights into the vulnerability of crops or species to climate change, support field evaluation, and create a 
network through which knowledge on well-adapted cultivars can be passed on. The analog method may 
also prove to be a very useful tool in pointing decision makers in the forestry sector in the right 
direction—to support a rational planting decision and sustain, or even improve, wood production in a 
rapidly changing environment. 
Calculating climate dissimilarities (identifying locations which resemble current climate conditions 
that are expected to be encountered at another location in the future) for the purpose of providing 
decision support in a changing environment has lately received a great deal of attention (e.g., [13–15]). 
In the forestry sector, the concept of identifying similarities in climate to match forest seed material to 
certain sites, in order to assist species selection, is a well-established approach (e.g., [16–18]). 
1.3. Research Objectives 
In this study, we assess the extent to which the climate analog method can provide concrete 
recommendations to adapt planted forests to climate change through a better use of forest genetic 
resources. We ascertain this question in a case study in which we test the ability of this approach to relate 
climate dissimilarity to the trial’s growth performance. This approach lets us identify appropriate seed 
material of P. patula and P. tecunumanii for degraded areas and established planted forests in Colombia, 
Brazil and South Africa. 
First, we evaluated with P. patula and P. tecunumanii provenance trial data, which, with two ways to 
measure climate dissimilarity, correlates better with provenance height growth. Secondly, we show how 
the analog method that resulted in dissimilarity measures that correlated better with height can be used to 
identify well-adapted provenances for specific plantation sites. We use P. patula and P. tecunumanii as 
model species to demonstrate the potential and the restrictions in the application of climate analogs to 
support management plans to adapt existing and planned forest plantations with expected harvest times 
around 2030 and 2050. 
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2. Experimental Section 
2.1. Camcore’s International Provenance Trial Data 
The comparison and validation of the two analog methodologies was based on height growth data 
from ten provenances of P. patula and P. tecunumanii at age eight, measured at several test sites (ranging 
from six to 22 sites depending on the provenance). The data were retrieved from a database of  
153 geo-referenced provenance trials, established by CAMCORE members in Colombia, Brazil and 
South Africa during 1981 and 1997 [10,19,20]. Coordinates were carefully checked following  
Hijmans et al. [21] and are considered to be correct. All trials were measured for height [m], diameter at 
breast height (dbh) [cm] and survival. Trial management, such as site preparation, spacing of trees, weed 
control, thinning, and pruning was as similar as practical in the field.  
2.2. Study Species’ Description 
The two closed-cone pine species P. patula and P. tecunumanii are native to Mesoamerica. Both play 
an important role as plantation species for the forestry sector in the tropics and subtropics, which is 
typically lacking adequate resources of coniferous wood. Pinus patula is one of the most planted pine 
species, with close to one million ha established in productive forest plantations [22]. Lesser amounts of 
P. tecunumanii are used in plantations, but it is an important plantation species in Colombia and due to 
its favorable growth characteristics and comparatively high resistance against pitch canker [23], the 
species is gaining importance in Brazil and Southern Africa [24]. The natural distribution range of  
Pinus patula extends from the mountainous regions of the state of Tamaulipas in Mexico’s East to 
Veracruz in the country’s south. The species can be divided into the two varieties P. patula var. patula 
and P. patula var. longipedunculata [24]. Individual provenances of P. patula contain seeds from both 
varieties. P. tecunumanii natural distribution range extends from Chiapas, Mexico to Nicaragua. The 
species can be divided into two ecotypes based on the altitude where they occur. A highland ecotype 
(HE) is found in cloud forests at altitudes between 1500 and 2900 m.a.s.l., and a lowland ecotype (LE) of 
P. tecunumanii occurs at altitudes between 450 and 1500 m.a.s.l. [25]. These ecotypes have also shown 
to be genetically different in molecular marker analysis [26]. 
2.3. The Study Area 
The study area is restricted to cultivated and degraded areas that are suitable for P. patula and  
P. tecunumanii plantations. The area selected for this study comprises a topographic range from 51 m 
below sea level to 3371 m of altitude and diverse climates that range from tropical conditions in the 
Colombian highlands, where annual rainfall frequently exceeds 3000 mm, to the dry, subtropical 
conditions characterized by cold and dry winters in subtemperate South Africa. The maximum annual 
mean temperature there exceeds 20 °C, but temperature seasonality is more than 10 times as high as in 
Colombia. In South Africa, in the coldest quarter of the year, the temperature drops below 0 °C. The 
trials were planted by Camcore partners in parts of the northern tropical Andes in Colombia, and in 
southern Brazil, where trials are established in the states of Minas Gerais, Epirito Santo, Parana and 
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Santa Catarina. Trial sites in South Africa are located in the country’s eastern escarpment from the 
Eastern Cape Province to Mpumalanga Province. 
A so-called mask was developed that only comprises areas which have a similar bioclimatic setup to 
the climate in which trials, with high survival rates, were established. The study area is restricted to a 
bioclimatic niche where the species exhibited a survival rate of at least 70% (Figure 1). This bioclimatic 
niche was confined by maximum and minimum values of five variables derived from trial sites where 
species exhibited high survival rates. The five variables used to confine the study area (annual mean 
temperature, maximum mean temperature of the warmest and coldest month, annual precipitation, and 
precipitation seasonality) are all known to be of physiological importance to the species [27,28]. The 
masked area was further reduced by excluding all protected areas based on the World Database of 
Protected Areas [29]. We used global land cover data to restrict the study area to agricultural crop, or 
managed land [30–32]. In this way we avoid planting suggestions that would promote undesired 
land-use changes such as of biodiversity-rich Colombian Andean, Brazilian Atlantic and South African 
landscapes into planted forests. 
Figure 1. Map of study area and location of Camcore’s provenance trials.  
 
2.4. Climate Data 
Current climate data, used to define sites with conditions with similar climatic conditions were 
derived from the WorldClim database with interpolated climate data from 1960–1990 [33]. The 
interpolated climate surfaces have a resolution of five arc-minutes which, at the equator, equals 
approximately 85 km2. Variables from the database included in this study are monthly total precipitation, 
monthly mean temperature, diurnal temperature range and 19 derived bioclimatic variables [34]. 
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We use an ensemble of General Circulation Models (GCMs) to develop climate layers for 2030’s and 
2050’s future climate (Table 1). We use three emission scenarios to account for uncertainties in  
global socioeconomic developments (15 GCM for scenario A1b, 12 for A2 and 14 for B1). These 
scenarios allow for variations in variables that are related to human population and economic growth and 
the degree at which technological advances are developed, implemented and exchanged. The three 
scenarios used in this study are taken from IPCCs 4th special report on Emission Scenarios [3] and 
reflect the following:  
1. a homogeneous world with rapid economic growth that relies on a balance of all energy sources 
(emission scenario A1b); 
2. a more divided world with focus on regionally oriented economic development and slower and 
more fragmented technological changes (emission scenario A2); 
3. an integrated world that is more ecologically friendly and emphasizes global solutions to achieve 
economic, social and environmental stability (emission scenario B1) [3]. 
Table 1. List of 20 GCMs used to calculate of climatic dissimilarities for the year 2030  
and 2050. 
GCM Developed by Institute-/Model Name 
BCCR-BCM 2.0 Bjerknes Centre for Climate Research University of Bergen, Norway 
CNRM-CM 3 
Centre Européen de Recherche et de 
Formation Avancée en Calcul 
Scientifique 
Centre National de la Recherche 
Scientifique 
GFDL CM 2.0 and 2.1 Geophysical Fluid Dynamics Laboratory
National Oceanic and Atmospheric 
Administration 
GISS Model ER and 
AOM 
Goddard Institute for Space Studies 
National Aeronautics and Space 
Administration 
IPSL CM 4 Institute Pierre Simon Laplace 
Centre National de la Recherche 
Scientifique 
MIUB ECHO-G 
Meteorologisches Institut der Universität 
Bonn 
Friedrich-Wilhelms Universität Bonn 
NCAR CCM 3.0 
National Center for Atmospheric 
Research 
Community Climate System Model 
CCCMA CGCM 3.1 
t46 and t63 
Canadian Centre for Climate Modelling 
and Analysis 
Meteorological Service of Canada 
CSIRO Mk 3.0 and 3.5 
Commonwealth Scientific and Industrial 
Research Organisation 
Marine and Atmospheric Research 
Laboratories 
IAP FGOALS g1.0 Institute of Atmospheric Physics Chinese Academy of Sciences 
MIROC 3.2 Hires and 
Medres 
Centre for Climate System Research, 
Tokyo 
Model for Interdisciplinary Research On 
Climate 
MPI ECHAM 5 Max Planck Institute for Meteorology European Centre Hamburg Model 
UKMO HADCM 3 United Kingdom Meteorological Office Hadley Centre Climate Model 
INM CM 3.0 Institute of Numerical Mathematics Russian Academy of Science 
MRI CGCM 2.3 2a Meteorological Research Institute, Japan Coupled General Circulation Model 
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2.5. Data Preparation 
For each pair of trials of the same provenance, climate distances were calculated for the current 
climate and the expected climate in 2030 and 2050. We compared two methodologies using current 
climate data to calculate dissimilarities. The method that provides the strongest relationship between 
performance and climate distance was selected to project results into the future. Geographical 
Information Systems (GIS) were used to import the gridded dataset from R to map model predictions for 
forestry productions areas [35,36]. 
For six P. tecunumanii and four P. patula provenances, there was sufficient information available to 
develop a model (Table 2). 
Table 2. Provenances’ identification number, name, species, subpopulation, country of 
origin and number of trials where it was evaluated. 
Id 
Number 
Provenance 
Name 
Species 
Subpopulation/ 
Variety 
Country, State of 
Origin 
No of 
Trials
1 Jocón P. tecunumanii low elevation Honduras, Yoro 9 
2 Campamento P. tecunumanii low elevation Honduras, Olancho 7 
3 Chempil P. tecunumanii high elevation Mexico, Chiapas 6 
4 San Jerónimo P. tecunumanii high elevation 
Guatemala,  
Baja Verapaz 
9 
5 
Mountain Pine 
Ridge 
P. tecunumanii low elevation Belize, Cayo 6 
6 
Sierra 
Huayacocotla 
P. patula Patula Mexico, Veracruz 9 
7 Potrero de Monroy P. patula Patula Mexico, Veracruz 22 
8 Chanal P. tecunumanii high elevation Mexico, Chiapas 11 
9 El Cielo P. patula Patula Mexico, Tamaulipas 7 
10 Conrado Castillo P. patula Patula Mexico, Tamaulipas 14 
2.6. The Analog Methods 
The methods we use in this study were developed as part of a joint collaboration between the  
Walker Institute at the University of Reading, the International Center for Tropical Agriculture (CIAT), 
and the Climate Impacts Group at the University of Leeds. We compare two implementations that differ 
in the way environmental parameters are used to compute climate similarities and evaluate which set of 
climate similarity measures relate better to provenance growth performance. We termed the first  
method CCAFS dissimilarity. The second method computes dissimilarities with stepwise selected 
BIOCLIM variables. 
2.6.1. CCAFS Dissimilarity, Hereafter Method A 
CCAFS dissimilarity’s computation closely follows a metric that Williams [13] used to identify 
climate states with no current analog and disappearance of extant climates. To describe similar climate 
conditions, Williams [13] referred to four climate variables: mean surface air temperature and 
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precipitation from June to August and from December to February. The equation he uses calculates 
Standard Euclidean Distances (SEDs) between a pair of sites [1]:  
ܵܧܦ௜௝ ൌ ൭෍
൫ܾ௞௝ െ ܽ௞௝൯ଶ
ݏ௞௝ଶ
௡
௞ୀଵ
൱ (1)
where ܽ௞௝ is the value for climate variable ݇ under current climate and ܾ௞௝ for future projected climate 
at gridpoints ݅ and ݆. ݏ௞௝  is the standard deviation of the interannual variability under the current  
climate [13]. 
The CCAFS dissimilarity method that was used in this study also computes Euclidean distances, but 
uses monthly mean values of temperature, precipitation and diurnal temperature range to express climate 
dissimilarities. Future and present climates are described as ݉ sequential temperature and precipitation 
vectors [2]. Dissimilarity is then calculated as Euclidean distance between the variables’ vectors for 
reference ሺ݂ሻ and target (݌) scenario: 
ܥܥܣܨܵ ݀݅ݏݏ݈݅݉݅ܽݎ݅ݐݕ  ൌ  ݉݅݊௢ஸ௟௔௚ஸଵଵ ൭ ෍
ܦܴܶ௠௙
ܦܴܶሺ௠ି௟௔௚ሻ௣
௠ୀଵଶ
௠ୀଵ
ቀ ௠ܶ௙ െ ሺܶ௠ି௟௔௚ሻ௣ ቁ
௭ ൅ ቀ ௠ܲ௙ െ ሺܲ௠ି௟௔௚ሻ௣ ቁ
௭൱
ଵ
௭
 (2)
where ܦܴܶ  is diurnal temperature range, ܶ  is temperature, ܲ  is precipitation, ݉  is month, ݌  is 
present and ݂ is future. The time lag searches across 12 months for minimum dissimilarities to capture 
the fact that not all locations experience the same timing in seasonal variation [37]. The ݖ parameter can 
be varied to perform a sensitivity analysis, but, in this study, the ݖ parameter was kept constant at 2 to 
calculate standard Euclidean distances. This metric weighs temperature differences by the quotient of 
the respective diurnal temperature ranges. The calculated value is termed dissimilarity—instead of a 
similarity value—to conveniently follow the scaling of the CCAFS measure, where higher values 
indicate a more dissimilar pair of sites. 
2.6.2. CCAFS with Stepwise Selected BIOCLIM Variables, Hereafter Method B 
For the second method, only climate variables are used for the computation of dissimilarities that are 
significantly related to height growth. The stepwise regression used to identify these variables is a 
common method in variable selection for site growth models [38–40]. All calculations were done in  
R [35]. The retention criterion was set to be Bayesian Information Criterion (BIC). 
Some environmental variables predicted height growth best through a quadratic regression. To enable 
the multiple linear regression model to account for these quadratic effects, the stepwise regression 
picked from a pool of variables that contained the linear as well as the centered squared version of the 19 
bioclimatic variables. The development of squared centered variables is a recommended method to 
improve linear regression models in the presence of quadratic effects [41]. To guard against the negative 
effects of multicollinearity on the stability of regression coefficients and significance levels [42], 
variance inflation factors (Vif) were calculated. Variables were taken out of the modeling process if their 
Vif-score exceeded 10, which is a common threshold to test for multicollinearity [43]. Regression 
equations were tested using a five-fold cross-validation, and the mean square error for each multiple 
linear regression function was denoted. 
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The climate variables found by the stepwise regression for each provenance were then used as input 
variables to compute SEDs following the CCAFS method adapted to the variables selected via stepwise 
regression [2]. 
2.7. Evaluating Dissimilarities in Climate as a Provenance Performance Indicator 
We calculate dissimilarity values for each provenance and method for the gridded study area.  
We use for each provenance the best performing site as a reference point for the grid calculation 
(point A) because of the following reasons. (1) Practically, the forestry sector should be interested in 
climate analogs in order to optimize performance at each location; and (2) We therefore hypothesize that 
each provenance has an optimum climate for height growth and that height growth reduces when climate 
varies drastically from the optimal climate. To test our hypothesis, we calculated 10 dissimilarity grids, 
one for each provenance, and in each case used the coordinates of the most successful trial as a reference. 
Climate dissimilarity values calculated for coordinates where remaining trials of the same provenance 
were planted should be clearly related to differences in height growth. If our hypothesis is true, the 
differences in height performance relative to the best trial should show a significant correlation with the 
calculated dissimilarity value for each of the trials where the provenance was planted. The goodness of 
fit of this correlation expresses how well the calculation of climate dissimilarities relates to provenance 
performance (Figure 2). The linear regression example accounts for 93.6% of the variability in the 
variable height growth (R2 = 0.936). The point marked A indicates the reference trial with top height 
growth for which climate dissimilarities have been calculated. The point marked B indicates a trial 
planted with seeds from the same provenance, in this case P. tecunumanii provenance Campamento, at 
another location. This trial B exhibited 2.85 m less height growth as compared to the top trial (A) and is 
found at a location associated with a climate dissimilarity value of 137 as compared to the climate found 
at the location of the top trial. 
Figure 2. Scatter plot exemplifying the linear correlation of climate dissimilarity and height 
growth for one single provenance. 
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2.8. Spatialization of Results and Growth Predictions 
The analog method that is found to provide climate dissimilarity values that most successfully relate 
to provenance growth differences is used to predict provenances’ height growths under current and 
future climate conditions. The evaluation was based on goodness of fit (R2) and statistical significance of 
the relationship. 
To estimate growth performances during the next two rotations, the study considers projected climate 
conditions for the years 2030 and 2050 [44]. Three global socioeconomic development paths are 
considered by running the analog tool for three SRES emission scenarios: A1b, A2, and B1 for each 
GCM [45]. 
Climate dissimilarity was computed in two ASCII grids for every provenance (10 in total), time step 
(current climate conditions, 2030s, 2050s) and for each GCM model. The first grid indicates which trial 
is climatically most similar to a site of interest. The second grid calculates a dissimilarity value for this 
site of interest and the trial indicated by the first grid. Each GCM yields a slightly different dissimilarity 
value for a pair of sites. The first grid’s value can be directly linked to one certain Camcore trial 
indicating a climatically most similar provenance and, with this, an expected height growth.  
The projections of the dissimilarity values are all done with climate grids that have a spatial resolution of 
five arc minutes. 
The dissimilarity value from the second grid is used to further refine the result and to estimate height 
growth of climatically most similar provenance in that specific grid cell. The provenance-specific 
response functions developed for the analog methodology indicate how sensible the height growth of 
specific provenances is to climate dissimilarities from their optimal climate (Figure 2). The slope of the 
linear regression trend line serves as an estimator of this sensitivity. The steeper this slope the less 
sensitive height growth of a specific provenance is to climate dissimilarities from their optimal climate. 
Following the linear regression equation [3]: 
ܻ ൌ ܽ ൅ ܾݔ (3)
where Y, the dependent variable, is the dissimilarity in climate from the reference trial, a the intercept 
and b the slope.  
By dividing the slope (b) of the provenance response function with the dissimilarity value (Y) of a 
certain site, we compute the deviation from the height estimation brought about by climate dissimilarity 
(x). This deviation subtracted from the height, measured at the climatically most similar trial, gives us 
the minimum height a provenance is expected to yield at any site inside the study area. 
Uncertainties in the simulations of future climate are addressed by comparing the outcomes of the 
multiple model runs using the different GCMs (listed under Table 1) We assumed that analog 
predictions are reliable across the climate models if at least 11 (more than two-thirds) of the individual 
GCMs calculate the same trial to be the best climate analog for a site. In order to take spatial variability 
in climate model uncertainty into account [46] uncertainties were individually calculated for Colombia, 
Brazil and South Africa.  
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3. Results 
3.1. Definition of Study Area 
Trials exhibited a survival rate of at least 70% where mean annual temperature was between 12.4 and 
24.6 °C, maximum temperature of warmest month does not exceed 33.1 °C and average minimum 
temperature of the coldest month does not fall below 0 °C. Annual rainfall was in the range of 720 and 
2666 mm and precipitation seasonality between 88 and 13. The cultivated and degraded areas comprised 
in this climatic niche cover an area of 2.37 million km2. Of this area, 5.75% lies inside the administrative 
boundaries of Colombia, 84.53% in Brazil, and 9.72% in South Africa, Lesotho, and Swaziland. 
3.2. Comparison of Analog Methods in Their Ability to Predict Provenance Performance 
The method that provided climate dissimilarity measures that best correlated with growth 
performance was selected. Selection criteria included the average R2 of the climate dissimilarity growth 
performance models by species and whether the provenance-specific relationships between climate 
dissimilarity and growth performance were statistically significant. Models resulting from using climate 
dissimilarity measures from method A yielded an average coefficient of determination of 0.68 for  
P. tecunumanii provenances and an average coefficient of determination of 0.12 for P. patula 
provenances. Models resulting from using climate dissimilarity measures from method B had a similar 
average R2 value for P. tecunumanii provenances of 0.59 and P. patula provenances of 0.15 (Table 3).  
Cross-validation of the method relying on stepwise selected climate variables yielded an average square 
root residual error of 0.92 m corresponding to an error of 7.5% (mean height of 10 provenances equals  
12.28 m) which is considered to fall inside an acceptable error margin. Climate dissimilarity measure 
from both analog methods can thus be seen to relate equally well to growth differences. It has to be noted 
that while the stepwise regression algorithm is still commonly used in the field of ecological modeling, 
its advantages and shortcomings are a topic of recent debate among statisticians [40,47,48]. Since no 
method is found to be clearly superior in terms of scored R2 values, method A resulted in a relationship 
with a larger number of provenances. With respect to Pinus patula, only regression functions for the 
provenance Sierra Huayacocotla (6) for standard method A and Conrado Castillo (10) for method B 
were not significant at α 0.1 (Table 3). The values in the table indicate coefficient of determination 
scores of the 10 regression function developed to validate the two methods. The level of significance is 
coded according to the regression’s p-value: 0.001(***), 0.01(**), 0.05(*), 0.1(.), 1( ). All regressions 
for P. tecunumanii developed using the standard CCAFS method, except Mountain Pine Ridge (ID 5), 
are significant at the 0.1 level. Four out of five of these regressions are significant at the 0.01 level. 
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Table 3. Table summarizing the results of the analog method comparison. 
 Pinus tecunumanii provenances Pinus patula provenances 
 1 2 3 4 5 8 
Average1 
R2 
6 7 9 10 
Average2 
R2 
CCAFS 
0.79  
** 
0.94  
*** 
0.95  
*** 
0.44
. 
0.32 
 
0.66 
** 
0.68 
0.37
. 
0.02  
 
0.01  
 
0.10 
 
0.12 
BIOCLIM 
0.53
* 
0.36  
 
0.95  
** 
0.25 
 
0.77 
* 
0.70
** 
0.59 
0.02 
 
0.03  
 
0.19  
 
0.37 
* 
0.15 
Figures 3 and 4 depict the 10 regressions developed for the CCAFS method and the BIOCLIM 
method, respectively. They depict how well climate dissimilarity expresses differences in tree height 
growth at age eight for each provenance. The provenance name is indicated above each plot. The dotted 
line indicates the 5% confidence band for each linear regression. The number in each plot area indicates 
the regression’s coefficient of determination. 
Method A was found most useful in relating climate dissimilarities to differences in growth in a 
selection of pine provenance performances and was chosen to generate spatial climate analogu and 
project the generated grids of climate dissimilarity into the future. 
Figure 3. Results of validation of CCAFS dissimilarity computation. 
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Figure 4. Results of validation of CCAFS dissimilarity with stepwise-selected  
BIOCLIM variables. 
 
3.3. Expected Impact of Climate Change on Wood Productivity and Choice of Seed Material 
Under the current climate, the P. tecunumanii HE Chempil is predicted to increase growth 
performance in 65.9% of the study area (Table 4). In the Colombian states of Valle del Cauca, Santander 
and Huila, the seeds from the provenance Campamento, originating from Honduras, are predicted to 
yield the highest growths rates. Campamento is also found to be the fastest-growing provenance when 
planted in southern Brazil, in the state of Rio Grande do Sul. In the near coastal areas of the central 
Brazilian states Espirito Santo and Rio de Janeiro, the P. tecunumanii LE provenances Jocón and San 
Jeronimo show the best height growth (Figure 5). 
Table 4. Table summarizing model results of best seed choices under current and future 
climate conditions.  
Current Climate Change by 2030 Change by 2050 
Provenance Colombia Brazil 
South 
Africa
Colombia Brazil
South 
Africa
Colombia Brazil
South 
Africa
Jocon ** 1.94  6.96 0.07 −1.19 −0.89 - −1.38 −0.67 - 
Campamento *** 21.07 14.02 0.04 1.00 2.31 - 2.19 4.02 - 
Chempil *** 74.61 69.08 58.23 0.16 −0.74 −2.23 −1.50 −2.16 −9.63
San Jeronimo . 1.57 7.41 10.50 −0.66 −0.01 3.08 −0.60 −0.62 4.45 
Huay . - - - - - - - - - 
Chanal ** 0.82 2.54 31.16 0.69 −0.67 −0.74 1.29 −0.58 5.29 
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Figure 5. Map of best seed choice and predicted height growth under current  
climate conditions. 
 
The population Chanal, originating from HE seed sources, are predicted to show favorable growth 
rates in parts of Eastern Cape provenance and in the northern part of Natal and Zululand. A promising 
seed source for Swaziland and Mpumalanga province of South Africa is San Jeronimo, from the state of 
Baja Verapaz in central Guatemala. The best performing P. patula provenance according the climate 
dissimilarity model is Sierra Huayacocotla originating from Veracruz, Mexico. The provenance was not 
the best seed source for any portion of the geographic area considered. Nevertheless, as the second-best 
planting alternative, seeds from Sierra Huayacocotla are of importance in 16.2% of the study area. 
Climate change is predicted to significantly alter the choice of seed material by 2030 in 14.6% and by 
2050 in 18.7% of the study area. In Colombia, the choice of seed material for harvesting between 2020 
and 2050 should be changed in 21% of the study area to adapt adequately to these climates. In Brazil, 
11.6 and in South Africa 23.3% of the study area is subject to change. By 2050, a change is predicted to 
be necessary in 23.8% of the study area in Colombia of 17% in Brazil and of 27.8% in South Africa. In 
Brazil and Colombia, seeds from Jocon slightly lose while seeds, especially from the provenance 
Campamento, gain importance by 2030. In South Africa, the provenance Chanal is losing while Chempil 
and San Jeronimo is gaining importance as most suitable seed material (Table 4). The numbers in  
Table 4 indicate in what percentage of the study area the respective provenance was found to exhibit the 
highest expected height growth under current climate. The table gives this information for sites in 
Colombia, Brazil and South Africa separately. The values under column “Change by 2020” and “Change 
by 2050” show the change brought about by climate change. These values are the average change 
predicted to occur by the utilized three emission scenarios, a1b, a2, and b1. The symbols next to the 
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provenance names are used to depict the level of significance according to the regression’s p-value 
0.001(***), 0.01(**), 0.05(*), 0.1(.), 1( ). 
Selection of material adapted to climate change enables foresters to maintain yield levels. In none of 
the three studied countries does change in expected height growth exceed 1%. The standard deviation of 
height predictions, not denoted in Table 5, indicate that while yields are highest in Colombia, so is the 
study area’s heterogeneity in terms of modeled height growth. The numbers in Table 5 indicate 
expectable height growth (row 1) or change in height growth compared to current climate (row 2 and 3) 
if seeds from provenances are planted that show best height growth according to the analog model 
results. The level of significance according to the regression’s p-value range from 0.05 to 0.001. 
Table 5. Estimated average height growth of the most suitable seed sources under current 
climate and expected change by 2030 and 2050. 
Colombia Brazil South Africa 
current climate [m] 15.27 13.62 13.44 
change by 2030 [Δm] −0.19 −0.07 −0.12 
change by 2050 [Δm] −0.35 −0.04 0.02 
3.4. Influence of Socioeconomic Scenarios on the Prediction’s Outcome 
Differences in driving forces and emissions that underlie the projected climates for 2030 and 2050 
lead to different predictions in 5.2% of the study areas. The predicted climate in year 2030 for the 
different emission scenarios influences the planting decision in 5% of study area. Per country, these 
differences make up 2.1, 5.2 and 12% in Colombia, Brazil and South Africa, respectively. By 2050 the 
scenario influence on planting decisions more than doubles to 13% of the study area. By 2050, these 
differences increase to 8.4% globally, or 6.1% in Colombia, 9% in Brazil, and 12.3% in South Africa. 
Differences in the predictions based on the scenarios A1b and A2 are not significant. 
3.5. Available Viable Seed Choices 
An important aspect for foresters to select good planting material is not only the height a provenance 
choice can be expected to grow under certain climates. Many other site factors such as soil 
characteristics or pressures from biotic threats play an important role, as well. For example, P. patula 
and P. tecunumanii do not grow well on poorly drained soils that remain moist. Because our approach 
does not account for these site factors, we evaluated and here present the best three provenances 
climatically suitable for a given site. These provenances should be further evaluated for pest resistance 
or suitability in terms of non-climatic site effects (Figure 6). 
The model runs indicate that planting sites in Colombia are most sensitive to the choice of 
climatically well-matched seed material. Achievable yields are high but seeds should be well adapted to 
local climate conditions. Expected differences in height growth from the first to second-best seed choice 
are 4 m and 4.7 m from the 1st to 3rd choice. These differences are predicted to increase slightly until 
2030. For sites in South Africa, the model runs predict that difference between the top three seed choices 
are low with only 1.1 m from best to third choice. Brazil exhibits with 2.1 m an average difference in 
expected height growth from first to third seed choice. 
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Figure 6. Spatial results of analog runs for projected climate conditions. 
 
3.6. Uncertainty in Climate Change Projections 
As an indicator of variability of the GCM prediction, a level of agreement between the climate 
models is calculated. We consider a confident level of agreement between GCMs when for all six 
provenances at least 11 of the 16 models predict the same trial to be climatically most similar to a certain 
site. A single indicator, as a measure for climate model uncertainty was calculated for each country 
separately. We summed up the individual level of agreement per provenance and the respective portion 
of the study area where this level of agreement was found. Climate uncertainties are lowest in Colombia 
and highest in Brazil. GCM agreement decreases from 2030 to 2050 in Colombia and Brazil by 2.1 and 
2.4% respectively while in South Africa agreement increases slightly by 0.3%. 
4. Discussion 
Wood demand from planted forest increases rapidly [6,49] while at the same time plantations are 
expected to yield significantly reduced harvestable amount of timber if no appropriate action is 
undertaken to adapt plantation forestry to climate change [2,50]. The projected climate changes have the 
potential to alter the distribution of optimal planting areas and seed choices for current cultivars of the 
major tree crop species. Optimal niches of P. sylvestris provenances’ height growth in Eurasia and North 
America are predicted to shift considerably during the next 90 years [51]. Also in P. patula and  
P. radiata plantations in South Africa, a great loss of productivity is expected to occur unless different 
seed sources are selected that are appropriate for future climate conditions [52]. 
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4.1. Climate Dissimilarity as an Estimator for Provenance Performance 
Our results show that analog tools that calculate climate dissimilarity measures serve as a useful 
indicator to determine site–provenance–climate relationships in P. tecunumanii. The identification of 
climatically similar environments, coupled with future climate scenarios, suggests a change in the most 
suitable provenance for 11 to 23% of the study areas will occur by 2050. The outcomes of the evaluation 
of climate dissimilarity as provenance performance indicator for P. patula, however, suggest that the 
growth performance of this species is more robust to changes in the considered climate factors. This may 
indicate, on the one hand, that P. patula is less sensitive to changes in climate, but it could also be due to 
the fact that Camcore’s members planted P. patula in a climate range that is somewhat more confined 
than the one occupied by P. tecunumanii trials. 
The dissimilarity value calculated via the CCAFS method could best be related to height and diameter 
growth of individual P. tecunumanii provenances. The analog methodology based on stepwise found 
Bioclim variables performed similarly well, but the more robust method is believed to be the CCAFS 
method (e.g., [47]). It does not only refrain from using the stepwise algorithm, but also accounts for 
interannual and seasonal variations in climate, which are believed to play an important role in 
influencing crops and tree growth [53–55]. 
Individual provenances’ growth performance related well to the calculated dissimilarity values  
(e.g., provenance Jocón, Campamento, Chempil, and Chanal). For P. tecunumanii, the study suggests 
that intra-specific variation and forest plantations’ growth rates can be related to the geographic origin of 
the reproductive material [10,56]. 
Our analog models calculate statistical, mathematical similarity in climates for sites where successful 
provenance trials were established and are not bound by the fact that a species in the wild may only 
realize a fraction of its fundamental niche (e.g., [57]). Developing planting advice from the identification 
of climate analog to successful trials from multisite provenance tests, avoids a major shortcoming of 
similarity models that make predictions based on species’ natural distribution ranges. These models 
neglect the incongruity of a species’ fundamental and realized niche, whereas the CCAFS analog 
approach has the possibility to account for the full adaptive capacity of the tested species. 
4.2. “Analogues’” Performance in Relation to Species’ Stability across Environments 
A common approach in tree breeding for assessing a provenance’s stability across environments 
regresses provenance and family means on the mean of the trial site [58]. The underlying thought is that 
an unstable source would provide higher yields than the “climate safe” stable source. The breeder has to 
decide if it is better to choose stable or unstable genetic entries for the tree improvement or  
planting program [59]. A forester faces very much the same situation when selecting a seed source for 
planting. In the context of climate change, the choice may very well turn in favor of the lower yielding 
but more reliable source. 
The box plot in Figure 7 shows measured height growth for P. tecunumanii low elevation 
subpopulation (Low), P. tecunumanii high elevation subpopulation (High) and P. patula’s two varieties 
var. patula (patula) and var. longipedunculata (longip). The upper and lower boundary of the box depict 
the first and third quartiles, and the line indicates the maximum and minimum measured height. The 
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horizontal line inside the box indicates the height distribution’s median. Results from evaluating the 
relation between climate dissimilarity to growth performance support the specialization hypothesis for 
phenotypic plasticity (compare [60–62]). This hypothesis postulates that plants that are relatively 
specialized to a particular environment should exhibit a relatively high magnitude of phenotypic 
plasticity across a range of alternative environments, particular for characteristics that most closely 
estimate fitness which, in our study, is height growth. 
Figure 7. Box plot of mean height growth at age eight. 
 
The findings (Figure 3 and Figure 4) indicate a relatively large degree of specialization of the  
P. tecunumanii provenances to their natural environment which results in phenotypic instability as they 
are introduced to new environments. The large standard deviation in P. tecunumanii (HE) growth may 
partly be attributed to stem breakages common for this population [63]. The even larger standard 
deviation present in the measurements for P. tecunumanii (LE), however, cannot be explained by this 
defect alone (Figure 7). It could partly be the result of the degree of natural introgression with  
P. oocarpa [26], but is more likely than not attributed to LE’s large degree of specialization to its 
environment. Seed material from P. patula provenances growing in Mexico at elevations from 1490 to 
2920 m, is likely to be adapted to a broader range of climate conditions than the narrowly distributed  
P. tecunumanii, as temperature and precipitation patterns change along the elevation gradient. The 
“analog” validation results suggest that P. patula provenances are rather tolerant to different climate 
conditions and may be less specialized, or in other terms, less narrowly adapted to a particular climate 
niche than P. tecunumanii’s LE. P. patula provenances exhibit a rather low degree of phenotypic 
plasticity and do not react sensitively to changes in climate in terms of height growth. Different climates 
evaluated with CCAFS’s analog method expressed through temperature, precipitation and diurnal 
temperature vectors do not seem to trigger P. patula’s height or diameter growth (Figure 3). 
P. patula’s insensitive reaction to a broad range of climates makes it especially valuable in an 
unstable climate. In the face of great climate uncertainty, and the shortcomings of climate models to 
reliably predict temperature and precipitation patterns one or two rotations from now, species and 
provenances should be selected that are not overly sensitive to climate change. The response functions 
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(Figure 3) developed in this study enabled us to directly ascertain and compare different provenances’ 
climate sensitivity. Coupled with analog or comparable statistical models, provenance tests help to select 
seed material well adapted to anticipated climate conditions and let us identify genotypes of proven 
broad adaptability. These are especially valuable in areas where the comparison of GCMs and SRESes 
indicate that the direction and magnitude of climate change is uncertain. Results such as these indicate 
once more the enormous value of international trials in obtaining dissemination results of wide 
application (e.g., [56,57]). 
4.3. Implications for Plantation Forestry 
A decision model for managing forests under climate uncertainty, and assessing management options 
for intensively managed forests is necessary to prepare the forestry sector to the challenges of climate 
change. Our results aim to facilitate part of this decision model for managing forest under rapid 
environmental change and uncertainties. In view of expected climate instability, adaptability of forest 
trees causes serious concern due to their long lifespan compared to the rapidity of expected changes in 
environmental conditions [56,64,65]. Preliminary analysis indicates that concepts and contingency plans 
for adapting forests are rarely included in national plans for adaptation [66]. The information on 
climatically well-adapted seed sources and phenotypic plasticity of individual provenances generated in 
this study may assist rational planting decisions in an uncertain environment (compare [4,9]). 
The site quality models include important commercial characteristics like height and diameter 
growth. Of particular importance when evaluating the potential of different provenances is also the issue 
of frequent stem breakage. This is repeatedly observed in P. tecunumanii HE plantations where on the 
worst sites 30%–40% of the trees are affected. The propensity for the main stem to break in its upper 
crown due to a large number of branches produced per whorl and/or wind storms is thought to be the 
greatest limitation to using P. tecunumanii in the tropics and subtropics [10]. Other important traits 
greatly influencing the planting decision are species and provenance specific susceptibilities to fungi and 
insects. Including biotic risk factors in the growth and site quality models by identifying environments 
that favor relevant insects such as Pineus pini (woolly aphid), Cinara cronartii (black aphid) or fungi 
such as Fusarium circinatum (pitch canker) could greatly improve the applicability of climate-driven 
decision support models [10]. Results presented in this study provide a good starting point to assist a 
rational planting decision. Similar climates and sites with well-matched provenances could be identified. 
In a second step, suggestions can be adjusted to soil types or species-specific preferences in terms of 
their non-climatic abiotic and biotic environment. Further elaborating the potential of the model to 
simulate pitch canker-resistant hybrids such as P. patula x P. tecunumanii could be of great value for the 
forest industry [67]. One could assume that the hybrid is intermediate between the parents in most traits 
like frost and drought resistance. 
Projection’s Uncertainties 
There are several considerable uncertainties and a number of possible error sources such as the lack of 
agreement between climate models [68] or low resolution of climate grids that might be too coarse for 
case-specific decision support. Nevertheless, the models presented here form the basis for developing 
site-specific decision support models for selecting planting material under a dynamic climate. In view of 
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the rapid increase of area covered with tree plantations from 264 Mio ha 2010 to more than 300 Mio ha 
by 2020 [7] the analog tool may provide much-needed decision support for the forest sector in a time 
where rapid climate change makes the choice of the right seed source increasingly difficult.  
The dependence of climate projections on the chosen emission scenario is believed to be low, at least 
up to the year 2035 [69]. There is no reason to believe that including CO2 fertilization effects would alter 
results since there is no scientific evidence that intraspecific variation at the provenance level would 
exhibit different physiological responses to altered concentrations of CO2. No problems are expected in 
the extrapolation of the model predictions to the whole study area because the area is within the climate 
ranges where the field trials are established. 
5. Conclusions 
In this study, Analogue, a statistical tool to quantify climate distances, was tested with growth data 
from international provenance trials. After careful validation, the tool was used to evaluate the need to 
change the currently used seed material of P. patula and P. tecunumanii provenances to optimize wood 
productivity in the face of climate change in the next rotations. Correlation of climate dissimilarity with 
differences in height growth per provenance allowed us to distinguish between seed sources that have 
high height growth in a specific climate, like most P. tecunumanii provenances, and provenances that 
have a more moderate height growth but that are adapted to a wide climate range, such as most tested  
P. patula provenances. Although the climate analog may be particularly useful to identify suitable areas 
for P. tecunumanii provenances, P. patula provenances may be more convenient to plant in a rapidly 
changing environment because of their ability to adapt to a wide range of climates.  
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